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A study of the UHE i^r detection performances of a km'' Neutrino Telescope sitting at the three proposed sites 
for ANTARES, NEMO and NESTOR in the Mediterranean sea is here performed. In particular, it is analyzed the effect 
of the underwater surface profile on the total amount of yearly expected t crossing the fiducial volume in the 
limit of full detection efficiency and energy resolution. 



1. Introduction 

Neutrinos are one of the main components of 
the cosmic radiation in the ultra-high energy 
(UHE) regime. Although their fluxes are uncer- 
tain and depend on the production mechanism, 
their detection can provide information on the 
sources and origin of the UHE cosmic rays. For 
example, UHE neutrinos can be produced via tt- 
photoproduction by strongly accelerated hadrons 
in presence of a background electromagnetic field. 
This scenario is expected to occur in extreme as- 
trophysical environments like the jets of active 
galactic nuclei, radio galaxies and gamma ray 
burst sources as well as in the propagation of UHE 
nucleons scattering off the cosmic background ra- 
diation (known as cosmogenic neutrinos |ll2j ). 

From the experimental point of view, after 
the first pioneering and successful achievements 
neutrino astronomy in the high energy regime 
|HI4I5 '6"7'' is a rapidly developing field, with a new 
generation of neutrino telescopes on the way, as in 
the deep water of the Mediterranean sea, namely 
ANTARES 'S', NESTOR P and NEMO [TUl. In the 
future they could lead to the construction of a 
km^ telescope as pursued by the KM3NeT project 



Although NTs were originally thought as j/^ 
detectors, their capability as i^r detectors has be- 
come a hot topic |13I14I15I16| . in view of the 
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fact that flavor neutrino oscillations lead to nearly 
equal astrophysical fluxes for the three neutrino 
flavors. Despite the different behavior of the pro- 
duced tau leptons with respect to muons in terms 
of energy loss and decay length, both and Vr 
detection are sensitive to the matter distribution 
near the NT site Thus, a computation of 

the event detection rate of a km'^ telescope re- 
quires a careful analysis of the surroundings of 
the proposed site. The importance of the eleva- 
tion profile of the Earth surface around the detec- 
tor was already found of some relevance in Ref. 
|18I19| . where the present author and others cal- 
culated the aperture of the Pierre Auger Obser- 
vatory |2()l21j for Earth-skimming UHE 1^7- 's. 

In this paper it is computed the effective aper- 
ture for ly-r detection of a km"^ NT in the Mediter- 
ranean sea placed at any of the three locations 
proposed by the ANTARES, NEMO and NESTOR col- 
laborations. A more complete treatment of the 
subject also including the z^^ contribution is con- 
tained in Ref. jl7j . 

A detailed DEM of the under-water Earth sur- 
face is available from the Global Relief Data sur- 
vey (ET0P02) 121], a grid of altimetry measure- 
ments with a vertical resolution of 1 m averaged 
over cells of 2 minutes of latitude and longitude. 
In Figures ^ HI a-nd |31 are shown the 3D maps of 
the areas around the three NT sites. The black 
curve represents the coast line, whereas the red 
spot stands for the location of the apparatus. By 
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Figure 1. The surface profile of the area near the 
ANTARES site (red spot) at 42° 30 N, 07° 00 E. 
The black curve represents the coast line. The 
sea plateau depth in the simulation is assumed to 
be 2685 m. 




Figure 2. The surface profile of the area near the 
NEMO site (red spot) at 36° 21 N, 16° 10 E. The 
black curve represents the coast line. The sea 
plateau depth used in the simulation is 3424 m. 



following the same approach developed in |18j . 
this DEM is used to produce a realistic and statis- 
tically significant sample of v^It tracks crossing 
the fiducial volume of the NT that are then used 
to evaluate the effective aperture of each detector. 

The structure of the paper is as follows. In 
Section El the formalism and definitions used in 
the analysis are introduced, and the aperture for 
a NT is defined. The results for induced events 
are reported and discussed in Section|21for various 
incoming neutrino fluxes. Finally, the conclusions 
are reported in Section 0] 

2. The effective aperture of a NT 

Let us define the km'^ NT fiducial volume as 
that bounded by the six lateral surfaces (the 
subindex a=W, E, N, S, U and D labels each sur- 
face through its orientation: West, East, North, 
South, Up, and Down), and indicate with Qa ^ 
{da^fpa) the generic direction of a track entering 
the surface Eq. The scheme of the NT fiducial 
volume and two examples of incoming tracks are 
shown in Fig. 01 

Let d<i>i,/(di?iy dr^a) be the differential flux of 
UHE Vt + Dt. The number per unit time of t 



leptons emerging from the Earth surface and en- 
tering the NT through Eq with energy E-r is given 
by 



X [ dEr cos {ea)kl{E,,Er;ra,^a)- (1) 



This equation is the same as that in 18 , but 
for full duty cycle and detection efficiency. The 
kernel A;^(i?,y , Er 'jVaj^a) is the probability that 
an incoming i^r crossing the Earth, with energy 
E^ and direction Qa, produces a r-lepton which 
enters the NT fiducial volume through the lateral 
surface dSa at the position fa with energy E^- (see 
Fig. El for the angle definition) . If one splits the 
possible events between those with track inter- 
secting the rock and the ones only crossing water, 
the kernel ka{E„ , Er ;fa,fla) is given by the sum 
of these two mutually exclusive contributions, 

kHE, ,Er;fa,na)^ k^ [E, ,Er;fa,^a) 

+ kl^''{E,,Er;fa,na) . (2) 

For an isotropic flux one can rewrite Eq. 
summing over all the surfaces, as 



dt 



1 d$^(£;^) .r{r,w)(T^ X 
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Figure 3. The surface profile of the area near the 
NESTOR site (red spot) at 36° 21 N, 21° 21 E. The 
black curve represents the coast line. The sea 
plateau depth in the simulation is assumed to be 
4166 m. 
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Figure 4. The angle definition and the fiducial 
volume of a km'^ NT. 



a 

which defines the total aperture A'^^^''^^Ei,), with 
"r" and "w" denoting the rock and water kind 
of events, respectively. The contribution of each 
surface to the total aperture reads 

^r(r,™)(^^) = I dE^JdnaJdSa COS (0,) 

xkl^^'-''-\E,,Er;fa,na) . (4) 



Nemo rock 
Nemo woter 



Auger 




Figure 5. The effective apertures (£'i/) (solid 
line) and A^^'^^E„) (dashed fine) defined in Eq. 
versus neutrino energy for NEMO. The dot- 
ted line corresponds to the same quantity for the 
Auger Fluorescence Detector for Earth-skimming 
as in [TH| . 



3. The event rate for interactions 

In Fig.Oare shown the apertures ^■^t'"'™) for the 
NEMO site together with the corresponding quan- 
tity for the Pierre Auger Observatory Fluores- 
cence Detector (FD) calculated in ^2]. Note that 
the Auger case is only for Earth- skimming r's, 
since down-going neutrino induced events can be 
disentangled from ordinary cosmic rays only for 
very inclined showers. Interestingly, the NEMO- 
water and Auger-FD apertures almost match at 
the FD threshold of 10^^ eV, so that using both 
detectors results into a wide energy range of sen- 
sitivity to Vt fluxes. 

In Fig. El we show the high energy behav- 
ior for each surface contributing to the effective 
aperture. For rock events there is a clear W-E 
asymmetry, easily understood in terms of mat- 
ter effects related to the particular morphology 
of the NEMO site (sec Fig. A much smaller 
S-N asymmetry is also present. For neutrino en- 
ergies larger than 10^ GeV the main contribution 



4 




to the aperture A'^^^'>{E,y) comes from the lateral 
surfaces, i.e. from r leptons emerging from the 
rock far from the NT basis and crossing the fidu- 
cial volume almost horizontally. Instead, the up- 
per surface contribution is negligible due to the 
very small fraction of events crossing the rock 
and entering the detector from above. For wa- 
ter events the contribution to the aperture from 
all surfaces is comparable (except for the lower 
one which has no events), the upper one provid- 
ing a slightly larger contribution as the energy 
decreases. Indeed, events which would cross the 
lateral surfaces should travel over a longer path 
in water and this becomes more unlikely at lower 
energies due to the shorter r decay length. 

In Fig. [3 the detection performances of a km^ 
NT placed at one of the three sites in the Mediter- 
ranean sea are compared. In particular the quan- 
tities 

(NESTOR) - yl^(('''"'))(NEMQ)] 
^^(('■^«'))(NEMD) 
^^r((r,«,))(^jj^^j^£S) _ A^((^,'"))(NEMO)] 



A^(('-,»))(NEMD) 



(5) 



are plotted versus the neutrino energy. 

The NESTOR site shows the highest values of 



the r-aperture for both rock and water, due to 
its larger depth and the particular matter distri- 
bution of the surrounding area, while the lowest 
rates are obtained for ANTARES. The aperture in 
the three sites can be quite different at high en- 
ergy but the net effect of this on the expected 
number of events per year is not particularly sig- 
nificant since the UHE neutrino flux drops rapidly 
with the energy. 

Knowing the aperture of the NT at each site, 
one can compute the expected r event rate, once 
a neutrino flux is specified. In Table these 
rates are shown assuming a GZK-WB flux. The 
enhancement effect due to the local matter dis- 
tribution is responsible for the N-S, W-E and 
NE-SW asymmetries for the ANTARES, NEMO and 
NESTOR sites, respectively, as expected from the 
matter profiles shown in Figs. ^ |3 and |21 These 
matter effects, for the specific UHE flux consid- 
ered (GZK-WB), correspond to an enhancement 
of rock events of the order of 20% and a screen- 
ing factor for water events of the order of a few 
percent. This is easily understood since for wa- 
ter events the U surface gives a significant contri- 
bution which is essentially unaffected by matter 
distribution. 



Surf. 


ANTARES 


NEMO 


NESTOR 


D 


0.0086/0 


0.0086/0 


0.0085/0 


U 


0/0.1741 


0.0002/0.2191 


0.0003/0.2595 


S 


0.0219/0.1635 


0.0290/0.1799 


0.0287/0.2014 


N 


0.0275/0.1573 


0.0268/0.1847 


0.0359/0.1938 


W 


0.0247/0.1616 


0.0371/0.1715 


0.0303/0.2020 


E 


0.0240/0.1622 


0.0228/0.1900 


0.0414/0.1858 


Total 


0.107/0.819 


0.124/0.945 


0.145/1.043 



Table 1 



Estimated rate per year of rock/water r events at 
the three km^ NT sites for a GZK-WB flux. The 
contribution of each detector surface to the total 
number of events is also reported. 



It is important to emphasize that the role of 
matter effects depends critically upon the energy 
spectrum of the UHE neutrino flux. For more 
energetic neutrino fluxes the enhancement factor 
is expected to be more significant (see the energy 
behavior of AI''''\e^) in FigEJl. 

In Table [3 the rate of rock/water t events are 
computed for the three different km'^ NT sites us- 
ing several UHE neutrino fluxes as already con- 
sidered in |18I23| and described in [Sl-EOI- As 
can be seen from Table El the enhancement fac- 
tors due to matter effects on rock events can be as 
large as 30%, whereas the difference in the rates 
of water events for a fixed neutrino flux is mainly 
due to the different depth of the three sites. 

An interesting feature is the dependence of the 
event rate upon the shape of the NT detector for 
a fixed total volume of 1 km'^, a property that 
might be relevant for the eventual design of the 
detector. Consider for example a km'^ NT placed 
at the NEMO site with the shape of a parallelepiped 
rather than a cube, where in particular the E and 
W surfaces are enlarged by a factor 3 in the hor- 
izontal dimension, the N and S surfaces being re- 
duced by the same factor, keeping the height of 
towers still of 1 km. In this case the expected 
rate of rock events per year is enhanced by al- 
most a factor 2, from 0.12 to 0.21 for the GZK- 
WB flux, while this enhancement could be even 
larger for neutrino fluxes with a larger high energy 
component. Moreover, the expected rate of water 
events increases as well by a factor of the order 
of 50%, from 0.945 up to 1.425 per year. Similar 
exercises can be also performed for the ANTARES 



5 



< 
< 

0,4 - Nestor vs. Nemo rock 

Nestor vs. Nemo water 

0.2 - 







-0.2 - 

Antores vs. Nemo rock 

-0.4 - Antores vs. Nemo water 



io» io' lo' io' io'° lo" 

E, (GeV) 

Figure 7. A comparison of the effective NT aper- 
tures with respect to the NEMO one is shown versus 
the neutrino energy (see Eq. [S] for definitions) . 



and NESTOR sites. Of course, a further possibil- 
ity which might favor UHE-r detection consists 
in increasing the effective volume of the detec- 
tor keeping unchanged the 1 km height and the 
number of towers of photomultiplicrs but adopt- 
ing a larger spacing. As an example, for a factor 
four larger volume with a doubling of the tower 
spacing both the rock and water r events would 
increase by almost a factor two, but obviously at 
the expense of the energy threshold and the qual- 
ity of the event reconstruction for "low-energy" 
(TeV) neutrinos. For a detector aiming at the 
exploration of the range above the PeV, this is a 
less severe problem. 

The fact that the event rate depends upon the 
total surface of the detector is a peculiar feature 
of a NT, quite differently from what expected at 
the Auger observatory. Actually, in this case ob- 
served showers are generally initiated not very 
far from the detector compared to its dimensions 
so that the shape of the detector (i.e., the posi- 
tion on the border where the FDs are placed) is 
not as important as its "volume" (controlled by 
the area enclosed by the FDs). In fact, in or- 
der to produce a r emerging from the Earth with 
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i^-fluxcs 


ANTARES 


NEMO 


NESTOR 


GZK-WB 
GZK-L 
GZK-H 

NH 

TD 


0.107/0.819 
0.110/1.106 
0.245/2.284 
1.029/8.920 
0.837/5.181 


0.124/0.945 
0.141/1.308 
0.335/3.348 
1.248/10.37 
0.957/5.888 


0.145/1.043 
0.175/1.471 
0.423/3.777 
1.488/11.51 
1.087/6.436 



Table 2 



Yearly rate of rock/water t events at the three 
km^ NT sites for different UHE neutrino fluxes. 
GZK-H is for an initial proton flux oc 1/E, as- 
suming that the EGRET flux is entirely due to 
TT- photoproduction. GZK-L shows the neutrino 
flux when the associated photons contribute only 
up to 20% in the EGRET flux. GZK-WB stands 
for an initial proton flux oc Pl-EHI- The 

other two neutrino fluxes correspond to more ex- 
otic UHECR models. NH represents the neutrino 
flux prediction in a model with new hadrons |29j , 
whereas TD is the neutrino flux for a topological 
defect model PU] , 



enough energy to generate a shower detectable 
by the Auger FDs (at least 1 EeV= fO^^ eV), 
the energy of the neutrino should be larger than 
10^^ eV, taking into account the r energy loss in 
the rock. But the decay length of such a UHE 
T is /decay — 50km x(£^T-/EcV), to be compared 
with the dimensions of the Auger fiducial volume, 

50 X 60 X f km'^. Conversely, a neutrino tele- 
scope can detect tau's or muons which are pro- 
duced very far from the detector by a neutrino 
charged-current interaction, from distances com- 
parable to the charged lepton range at that par- 
ticular energy I16| . Indeed, the r range in water is 
of the order of several kilometers: from the value 
of /3r = 0.7f X 10~^ cm^ g~^ one obtains an atten- 
uation length 1/ [(3rQw) — 15 km, while for muons 
(see the range is approximately eight times 
smaller, of the order of 2 km. In other words, the 
effective volume of a NT of the kind discussed so 
far can be much larger than 1 km^, thus maxi- 
mizing the detector area might greatly improve 
the detection rate. 

Of course, one should not forget that the de- 
sign of a NT also depends strongly upon more de- 
tailed experimental considerations. Shapes which 
are not very compact or a detector with very 



sparse instrumentation have worse performances 
in the reconstruction of track properties as well 
as in signal-background separation, though this 
is mainly problematic at energies lower than 100 
TeV, in the atmospheric neutrino energy range. 
In any case, the present analysis suggests that 
the choice of the detector shape could be an im- 
portant feature in orienting the target of a NT 
investigation towards either atmospheric or extra- 
atmospheric neutrino physics. In this respect, the 
possibility to modify this parameter quite easily 
for a NT water detector offers a great advantage 
with respect to an under-ice detector. 

One of the main motivations for studying UHE 
neutrinos is that they provide a possibility to ex- 
plore a range of energies for scattering processes 
which is still untested (maybe impossible to test) 
by particle accelerators. In this respect, measur- 
ing the neutrino-nucleon cross sections at high 
energies could have a large impact on constraining 
or discovering new physics beyond the standard 
model (see e.g. llSISlp . While a measurement 
of the event energy spectrum cannot remove in 
general a degeneracy between the neutrino cross 
section and the incoming neutrino flux, a neu- 
trino telescope could offer the interesting capa- 
bility of disentangling these two factors because 
of the role of matter effects. Indeed, provided 
that enough statistics is collected and the detec- 
tor has a good zenith angle resolution, the flux 
dependence can be subtracted off by measuring 
the ratio of the event rates coming from different 
directions 32 33 3^- In the left panel of Fig.|Hlwe 
show how the NEMO effective apertures for r rock 
and water events change if the neutrino-nucleon 
cross section is half or twice the standard model 
result while in the right panel we display the ra- 
tio of water /rock r event rates for several adopted 
fluxes. One can see that this ratio is quite sen- 
sitive to the value of the cross section. In par- 
ticular, the number of rock events is essentially 
unaffected while the water event rate increases 
almost linearly with the cross section. Clearly, 
since the statistical error on the ratio would be 
dominated by the rare rock events, an experiment 
which aims at exploiting this effect should maxi- 
mize the acceptance for almost horizontal events. 
It is important noticing that the present results 
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Fiffurc 8. (Left) The effective apertures A'''-'^''^\E,y) for the NEMO site for a ly^^ micleon cross section 
multipUed by a factor 0.5, 1 and 2 with respect to the standard result a. (Right) Ratios of the number 
of events in rock/water when the cross section is rescaled by the factor shown on the x axis, for several 
incoming UHE neutrino fluxes. 



do not take into account any detailed experimen- 
tal setup and up to this point the f ^ contribution 
is not yet considered. Nevertheless, since both 
the incoming neutrino flux and cross section on 
nucleons are expected to be flavor independent 
the possibility of determining both these quanti- 
ties at a NT seems an interesting perspective. 

4. Conclusions 

Ultra-high energy neutrinos represent one of 
the main targets for several experiments which 
adopt a variety of detection techniques. Among 
these, the optical Cherenkov neutrino telescopes, 
deployed under water or ice, look for the tracks of 
charged leptons produced by the high energy neu- 
trinos that reach the Earth. In this paper, it has 
been presented a new study of the performance of 
a km^ neutrino telescope to be located in any of 
the three sites in the Mediterranean sea proposed 
by the ANTARES, NEMO, and NESTOR collaborations. 
In particular the details of the under- water sur- 
face profile of each of the three sites, using the 
data from a Digital Elevation Map, have been 



considered. By generating a realistic and statis- 
tically significant sample of z^r/r tracks crossing 
the fidticial volume of the km"^ neutrino telescope, 
the effective aperture to UHE fr neutrinos have 
been calculated, as well as the expected number 
of events for different UHE neutrino fluxes, for 
both cases where the charged lepton is produced 
in rock and water near the telescope site. 

Although in the present paper the detector- 
speciflc features, like partial detection efficiency 
and finite energy resolution, have not included, 
the obtained results show that the impact of the 
site geography (or matter effects) on observables 
such as the total event rate or asymmetries in the 
event direction can be important. 

These matter effects can be enhanced by a suit- 
able choice of the geometry of the telescope with 
a fixed volume. We have also briefly discussed 
the possibility of obtaining information on both 
the neutrino flux and the neutrino-nucleon cross 
section in the UHE range by measuring the ratio 
of rock and water events. 
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